Abstract. High strength vanadium micro-alloyed steel with yield strength of 600MPa has been developed based on commercial HRB400 steel bar. Experimental methods, such as OM, SEM and TEM, were used to study the experimental steels. Compared with HRB400, HRB400 steel with vanadium addition boasts much finer microstructure, and large numbers of nanometer precipitates exist in the specimens of HRB400 steel with vanadium addition. Analysis shows that strength of HRB400 steel with vanadium addition dramatically increases through grain refinement strengthening and precipitation hardening of nanometer VCN particles.
Introduction
To realize the sustainable development of steel industry in china, the construction steel with low cost and high performance is urgently developed [1] . Micro-alloyed technique is an effective method to produce the high strength steels [2] , where the element of vanadium is well-known and widely-used one to obtain the steel with high performace [3, 4] .
In this study, the microstructure and mechanical properties of the HRB400 and HRB400 with vanadium addition is tested and analyzed firstly, and then the strengthening mechanisms of vanadium addition is discussed.
Experimental Material and Methods
The production process is as follows: raw materials→ electric furnace → billet casting→ reheating→ rolling→ air cooling. Table 1 lists the chemical composition of the steel bars investigated in this paper. It is seen that the content of vanadium was increased from 0.004% to 0.092%, the rolling and cooling parameters have no obvious change. The hot-rolled bar specimens were used to determine the mechanical properties on a tensile testing machine according to ASTM E8 specifications. Metallographic specimens taken from steel bars were ground, polished and etched with 3% nital before observing under LEICA DM 2500M optical microscopy and JSM-7001F field emission scanning electron microscope. Thin foils were prepared by cutting thin wafers from the specimens using wire cutting machine, and grinding to 0.06mm in thickness. Three-millimeter discs were punched and electropolished on a twin jet polisher, using a solution of 90% ethanol and 10% perchloric acid. Fine precipitates in thin foils were observed by using JEM-2100 transmission electron microscopy operated at 200KV. Table 2 gives the mechanical properties of steel bars. It is shown that yield strength and tensile strength of steel bars dramatically increase with vanadium addition. The HRB400 steel bar with vanadium addition boasts good ductility and its elongation achieves 24.0%. Fig.1 shows the optical micrographs of hot-rolled steel bars investigated. The microstructure of HRB400 is composed of coarse ferrite and pearlite, and Widmannstatten structure obviously appears. Formation of Widmannstatten structure is caused by many reasons, such as chemical composition (carbon content), austenite grain size and cooling rate. Widmannstatten structure should be avoided as much as possible, for it is harmful to toughness of steel. However, microsructure of HRB400 steel bar with vanadium addition is much finer, and Widmannstatten structure has not been seen in this steel. 2 shows the morphology of pearlite in steel bars. It can be seen that pearlite colony size of HRB400 is bigger than that of HRB400 with vanadium addition, and the interlamellar distance in pearlite of HRB400 with vanadium addition is much smaller than that of HRB400. Representative TEM micrograph of nanometer precipitates in the HRB400 steel with vanadium is given in Fig.3a . According to the chemical composition of experimental steel, it can be deduced that these particles are vanadium nitrides and carbides. Precipitation hardening effect can be expected from these nanometer particles. However, this kind of particles can hardly be observed in the specimen of HRB400 steel. 
Results and Discussion

Microstructure and Mechanical Properties
Strengthening Mechanism
The relationship between yield strength and microstructure can be predicted by the following equation. Solid solution hardening can be expressed as follows [5] 
Where, ] [ i X is the content of element X i dissolving in ferrite, in wt%. The difference of solid solution hardening between HRB400 and HRB400 with vanadium addition is small for the elements content in both steels is approximately equal except for vanadium. The increment from dislocation hardening has no obvious difference between HRB400 and HRB400 with vanadium addition, for same rolling and cooling parameters were adopted and finish rolling temperature was higher than transformation temperature.
Grain refinement hardening effect can be described by well known Hall-Petch equation
Where: d is the average ferrite grain size; y k is constant and its value is 0.55 2 1 .m MPa (17.4N/mm 3/2 ) for HSLA steels. Fig.1 shows that microstructure of HRB400 with vanadium addition is much finer than that of HRB400, so grain refinement is an important reason for strength increasing of HRB400 with vanadium addition compared with HRB400.
The essence of precipitation hardening lies in the hindering effect of second phase particles on 
Where: f is the volume fraction of precipitates and x is the mean diameter of particles in micron. It can be seen from Fig.3 that large number of nanometer particles exist in HRB400 steel with vanadium addition, which can provide strong precipitation hardening effect. However, precipitation hardening increment of HRB400 can be ignored.
Therefore, the dominant factor for the strength increasing of HRB400 steel with vanadium addition lies in precipitation hardening of nanometer VCN particles and grain refinement compared with HRB400 steel.
Conclusions
Based on HRB400 steel with yield strength 423MPa, high strength V-microalloyed steel has been produced. The main conclusions can be drawn as follows.
(1) Microstructure of HRB400 steel is composed of coarse ferrite and pearlite, and Widmannstatten structure obviously appears. However, microstructure of HRB400 steel with vanadium addition is much finer, and Widmannstatten structure cannot be seen in this steel.
(2) A large number of nanometer particles exist in HRB400 steel with vanadium addition, but this kind of particles can hardly be observed in HRB400 steel.
(3) Compared with HRB400 steel, grain refinement and precipitation hardening of nanometer VCN particles are the main reasons for the high strength of HRB400 steel with vanadium addition.
